In the 70s, reports began to appear of phenolic metabolites of brown algae with the characteristics of tannins; these compounds, initially termed phaeophyte tannins, marine algal polyphenols or polyphloroglucinols, are known as phlorotannins, the youngest group of plant polyphenolics. Despite over 40 years of research in phlorotannins, this area is still in the exponential growth phase; however, several reviews have appeared, primarily concerning their biological activity. This review focuses on techniques for the extraction, isolation and chromatographic purification of approximately 150 phlorotannins during these four decades. Due to the high structural diversity of these polyphenols and the difficulty of classification, these topics are also reviewed: structural diversity and classification, extraction and preparative chromatography, thin-layer chromatography, and analytical high-performance liquid chromatography (HPLC) and HPLC -mass spectrometry. These techniques have primarily been used for separation monitoring and qualitative profiles, and not too many reports have been published on the development of quantification or quality control.
Introduction
In the 70s, reports began to appear of phenolic metabolites of brown algae with the characteristics of tannins, including as high water solubility, ferric chloride positive reaction and the ability to precipitate alkaloids, albumin and other proteins (astringency). These compounds, initially termed phaeophyta tannins (1), marine algal polyphenols or polyphloroglucinols, are known as phlorotannins (2) , the youngest group of plant polyphenolics. The terrestrial plant polyphenols, condensed and hydrolyzable tannins, are more accurately defined by the following additional characteristics: (i) high solubility in water (. 10%); (ii) molecular mass between 500 and 5,000 Da (3 -5); (iii) polyphenolic characteristics (12 -16 phenolic groups and 5 -7 aromatic rings per 1,000 units of relative molecular mass); (iv) polymeric structure formed by phenolic oxidative coupling. However, phlorotannins differ in the second and third characteristics: mass range from 250 to 1,738 Da (completely characterized) (6) , number of aromatic rings per 1,000 mass units (Rel-Ph) 8 and number of phenolic hydroxyl groups per 1,000 mass units (Rel-Ph-OH) between 14 and 24 ( Figure 1 ).
Phlorotannins belongs to polyphenolic secondary metabolites isolated only from brown algae (Phaeophyta) (7) . These brown seaweed algae have a higher concentration of polyphenolics than green and red, which have been related to the higher content of arsenic due to the chelating activity of phlorotannins (8) . Phloroglucinol (1,3,5-trihydroxybenzene), the monomeric unit of phlorotannins, is biosynthetized by an acetate-malonate pathway and its polymerization, through C-C and/or C-O-C oxidative coupling (Figure 1 ), leads to more than 150 highly hydrophilic phlorotannins (6) .
Despite over 40 years of research in phlorotannins, this area is still in the exponential growth phase, as evidenced by the trend in the number of publications over time ( Figure 2 ). However, several reviews have appeared, primarily concerning their biological activity (2, 6, 9 -17) . This review focuses on techniques for the extraction, isolation and chromatographic purification of phlorotannins during these four decades. Due to the structural diversity of these polyphenols and the difficulty of classification, these topics are also reviewed in the following.
Structural Diversity and Classification of Phlorotannins
Phorotannins can be grouped according to the criteria of interphloroglucinol linkages into three primary types: (i) fucols (with only phenyl linkages), (ii) phlorethols ( phlorotannins with only arylether bonds) and (iii) fucophlorethols (with arylether and phenyl linkages) ( Figure 3 ) (6) . By increasing the number of phloroglucinol units, the structural diversity increases and it becomes necessary to use other criteria to classify phlorotannins. Each of the primary groups can be grouped into linear phlorotannins, if all extension units have only two interphloroglucinol connections, or branched, if they bind to three or more.
Fucols
In fucols, inter-phloroglucinol links can only be in meta relative position, as shown in tetrafucol-A (lineal) and B (branched) from Fucus vesiculosus L. (Fucaceae) (18, 19) and the longer oligomers penta-to heptafucols (Figure 4 ) isolated from Scytothamnus australis Hook. et Harv. (Chnoosporaceae) (20) and Analipus japonicus (Harv.) Wynne (Heterochordariaceae), which exhibit atropisomerism (21) .
Phlorethols
The linear phlorethols may have ortho-, meta-or para-oriented biphenyl ether bridges or combinations thereof, as shown in Figure 5 for triphlorethol C and tetraphlorethols A and B, isolated from Laminaria ochroleuca Bachelot de la Pylaie (Laminariaceae) (22) . Further investigation on this algae led to the detection of chlordiphlorethol pentaacetate and isolation of chlortriphlorethol C heptaacetate (23) . Branched phlorethols have been reported, such as tetraphlorethol C from Ecklonia maxima (Osbeck) Papenfuss (Lessoniaceae) (24) , pentaphlorethol B, and hexaphlorethol A from Cystophora retroflexa (Labillardie`re) J. Agardh (Sargassaceae) (25) .
Fuhalols
Other structural motifs in the phorethols arise for an additional hydroxyl group on the terminal monomer unit (Figure 6 ), as in the case of fuhalols, bifuhalol (1, 26) , trifuhalol A with paraarranged ether bridges or ortho-arranged trifuhalol B (27) . The tetrafuhalols to tridecafuhalols can be all para-, all orto-or any combination thereof (28) (29) (30) . If an extension unit is bound between meta-oriented phloroglucinol units and it bears the additional hydroxyl group, these are called isofuhalols; for instance, isotrifuhalol, isotetrafuhalol and isopentafuhalol isolated from the brown alga Chorda filum (Linnaeus) Stackhouse (Chordaceae) (Figure 7 ) (31) . Some fuhalols with more than one additional hydroxyl group have been called hydroxyfuhalols, such as hydroxytrifuhalol B, hydroxypentafuhalol A, hydroxyheptafuhalol B and hydroxynonafuhalol A ( Figure 6) isolated from Sargassum spinuligerum Sonder (Sargassaceae) (30, (32) (33) (34) (35) . Phlorotannins in the ethyl acetate part obtained from the 70% acetone extract of S. ringgoldianum Harvey, a broad peak in high-performance liquid chromatography (HPLC), were found to be a complex mixture of bifuhalol oligomers, such as trimer (C 36 (36) .
Eckols
Another subgroup of phlorethols, the eckols, includes a 1,4-dibenzodioxin system, as exemplified by the trimers eckol and dioxinodehydroeckol from Ecklonia maxima (24), Eisenia arborea Areschoug (Lessoniaceae) (37), the tetramers 2-phloroeckol and 7-phloroeckol (38 -40) , the hexamer dieckol (10, 13, 16, 17, 41 -43 ) from E. bicyclis (Kjellman) Setchell (41, 44 -46) , Ecklonia kurome Okamura (47, 48) and E. stolonifera Okamura (38, (49) (50) (51) , shown in Figure 8 .
Diphlorethohydroxycarmalol and triphlorethohydroxycarmalol ( Figure 9 ) from Carpophyllum maschalocarpum (Turner) Greville (Sargassaceae) (52) and Ishige okamurae Yendo (Ishigeaceae) (53, 54) , are unique examples of carmalols and phlorethols with 1,4-dibenzodioxin phenyl-substituted at 
Fucophlorethols
The third phlorotannin group, the fucophlorethols, is formed by combinations of C-C and C-O-C oxidative phenolic couplings, allowing a variety of compounds in linear, branched and heterocyclic fashions. Fucophlorethols from Himanthalia elongata (Linnaeus) S.F. Gray (Himanthaliaceae) (55) are examples of acyclic oligomers up to 994 Da, as Figure 10 illustrates. Fucophlorethol-B and fucodiphlorethol-C have been reported from Laminaraia ochroleuca (22) and Eisenia bicyclis. Additional fucophlorethols have been reported form Sargassum spinuligerum and Cystophora torulosa (R. Brown ex Turner) J. Agardh (56) , some of them chlorinated or brominated from Cystophora retroflexa (Labillardie`re) J. Agardh (25) . Figure 11 shows examples of branched fucophlorethols such as trifucodiphlorethol A; trifucotriphlorethol A from Fucus vesiculosus L. (57) ; quaterfucononaphlorethol from Carpophyllum maschalocarpum (Turner) Greville with 14 phloroglucinol units and relative molecular mass of 1,738 Da (58); bisfucotriphlorethol A; bisfucotetraphlorethol A; bisfucopentaphlorethol A; hydroxyfucodiphlorethol B; hydroxyfucotriphlorethol B; bisfucotriphlorethol; hydroxybisfucopentaphlorethol A; and fucodifucotetraphlorethol A from Cystophora torulosa (59) .
The heterocyclic fucophlorethols include dibenzodioxin and furan rings, as depicted in Figure 12 , showing fucofuroeckols A, B and C, phlorofucofuroeckol A (38, 60 -62) and B, 6,6'-biekol and 8,8'-bieckol (13, 41, 45, 63) . 
Total Phlorotannin Estimation
The total content of phlorotannins has been estimated colorimetrically by the Folin-Ciocalteu method at 725 nm by using phloroglucinol as reference standard (7, 44, 50, 64 -67) . Other quantitative methods have been used; for instance, the Prussian blue assays, and the way that 2,4-dimethoxybenzaldehyde (DMBA) reacts specifically with 1,3-and 1,3,5-substituted phenols (e.g., phlorotannins) to form a colored product (68) .
Extraction of Phlorotannins
Bifuhalol, a polyhydroxyphenyl ether isolated from 500 g of freeze-dried Bifurcaria bifurcata Ross, extracted in 2.5 L. ethanol 80% under nitrogen in an Ultra-turrax. The extract was concentrated under reduced pressure to 300 mL, filtered through glass wool and precipitated chlorophyll. Liquid-liquid partition of the aqueous phase was conducted five times with 500 mL of EtOAc, which yielded 4.8 g of dried extract. Due to the ease of oxidation of the phlorotannins, the extract was acetylated with a mixture of acetic anhydride and pyridine (100:80). The brown alga Fucus vesiculosus (500 g) was extracted in the same manner as for Bifurcaria bifurcata (1) to obtain 11.5 g of extract; after acetylation, the chromatographic separation produced peracetylated phloroglucinol, difucol, trifucol and a mixture of two isomeric tetrafucols ( Figure 4 ): dodecaacetates A and B (18) . Similarly, from an acetylated fraction of the extract of Cystoseira tamariscifolia (Hudson) Papenfuss (Sargassaceae) (2.5 kg), diphlorethol pentaacetate ( Figure 1 ) was isolated, along with bifuhalol hexaacetate (26) . Diphlorethol and the isomers triphlorethol C ( Figure 5 ) and chlorthriphlorethol were isolated from the acetylated phenolic fraction of Laminaria ochroleuca (500 g) extract (23, 69) . The isolation of peracetylated products is described in a following section. Phlorotannins from Himanthalia elongate (Linnaeus) S.F. Gray (Himanthaliaceae) were isolated in a similar manner as described previously (70) .
A new separation of the acetylated phenolic fraction of Bifurcaria bifurcata (28) led to the isolation of completely acetylated diphlorethol, difucol, trifuhalol, trifucol, heptafuhalol, tetrafuhalol and pentafuhalol ( Figure 6 ), also isolated from Analipus japonicus (21) .
Lyophilized, pulverized thalli from Himanthalia elongata (3 kg) were extracted as described by Glombitza et al. (18) . The phenolic fraction was enriched and prefractionated. Separation was conducted by HPLC and controlled by thin-layer Low-molecular phlorotannins of Cystoseira baccata (Gmelin) Silva were extracted in the same way as described previously, purified by HPLC and characterized by ultraviolet (UV) (MeOH), electron ionization (EI)-MS (70 eV), and hydrogen-1 nuclear magnetic resonance ( 1 H-NMR) (CDCl 3 , 90 MHz) spectra. Some of these substances were known from other algae and some were newly identified as peracetates of triphlorethol-B, trifuhalol-A, fucodiphlorethol-D, tetrafuhalol-A, tetrafuhalol-C, desacetoxyheptafuhalol, heptafuhalol and bisfucodiphlorethol (Figures 6 and 11) (72) .
New phloroglucinol derivatives were isolated from the ethanolic (65%) extract (22 L) of Ecklonia maxima (9 kg), a brown alga found off the west coast of South Africa. The ethanol was evaporated under reduced pressure and the total volume was reduced to approximately 2 L using a Quickfit thin-layer evaporator. Liquid -liquid partition with four 2 L portions of EtOAc produced 14.84 g (0.16% relative to fresh weight) of free phenols; after acetylation with Ac 2 O/pyridine, this increased to 22.33 g. Most of these compounds contain dibenzo [1, 4] dioxin elements. The common basic unit of all compounds is eckol, a hexahydroxyphenoxydibenzo [1, 4] dioxin composed of three phloroglucinol units. Phloroeckol A and B represent four-ringed phloroglucinol derivatives, whereas the only five-ringed substance (furodehydroeckol) additionally displays a furan structure. Six-ringed phloroglucinol derivatives composed of two eckol units joined either symmetrically (such as 7,7 0 -bieckol or 9,9 0 -bieckol) or asymmetrically (7, 9 0 -bieckol or dieckol) are frequently found. Apart from these, tetraphlorethol C, a four-ringed tetraphloroglucinol triether that lacks both dioxin and furan structures, also occurs ( Figure 12 ) (24) .
Chorda filum was extracted in the usual manner, except for the acidulation to pH 5.8 and the addition of K 2 S 2 O 5 to prevent oxidation. From an acetylated fraction of an extract, six 2-to 5-ringed phloroglucinol-derived polyhydroxyphenyl ethers were isolated and their structures were elucidated as diphlorethol pentaacetate, bifuhalol hexaacetate (which represents the largest yield of the substances), trifuhalol-A octaacetate, triisofuhalol octaacetate, tetraisofuhalol decaacetate and pentaisofuhalol dodecaacetate ( Figure 7 ) (31).
Twenty-one polyphloroglucinols, containing dibenzo [1, 4] dioxin elements and other benzofuran moieties, were isolated from Canadian Eisenia arborea. The basic component is eckol, a hexahydroxyphenoxydibenzo [1, 4] dioxin consisting of three phloroglucinol units, accompanied by dioxinodehydroeckol (37) , three dimers of eckol with biaryl linkages 7,7 0 -bieckol, 7,9 0 -bieckol and 7,2 00 -bieckol and a dimeric diphenyl ether, 8,4-dieckol. 7-Hydroxyeckol contains one additional hydroxyl group and 7,7 0 -dihydroxy-9,9 0 -bieckol contains two. 3-Phloroeckol and the dehydro derivatives furodehydroeckol A, B and C are composed of four phloroglucinol rings. Halogenated compounds also occur: monobromo-and monoiodophloroglucinol, 4 0 -bromo-and 4 0 -iodoeckol, and one bromo-and one iodophloroeckol (37) . These heterocyclic phlorotannins are known as eckols and can be included as a division of phlorethols (Figure 8 ).
Difucol-4,4 0 -disulphate was the first oligomeric phlorotannin sulphate that was extracted from the brown alga Pleurophycus gardneri Setchell & Saunders ex Tilden (Alariaceae), along with five other difucol sulphates (73) .
From the ethyl acetate fraction of an ethanolic extract of the brown alga Carpophyllum maschalocarpum (Turn.) Grev., 33 phlorotanins were isolated, of which 20 consisted of phloroglucinol units linked exclusively by ether bonds ( phlorethols); the others contained both diary1 and aryl ether bonds. Among these, bisfucotriphlorethol and six fucophlorethols ranging from 4-14 phloroglucinol units as peracetylated derivatives were identified as hydroxyfucodiphlorethol, hydroxybisfucotriphlorethol, terfucopentaphlorethol, terfucohexaphlorethol, hydroxyterfucohexaphlorethol and quaterfucononaphlorethol (Figure 11 ), diphlorethohydroxycarmalol, triphlorethohydroxycarmalol, phlorethopentafuhalol-A, phlorethopentafuhalol-B and diphlorethopentafuhalol-A (33, 52, 58) .
Frozen material of the brown alga Sargassum spinuligerum Sond., extracted with 60% aqueous ethanol, followed by reduced pressure distillation and liquid -liquid partition with ethyl acetate, produced a crude fraction of phlorotannins; this was acetylated and high molecular mass substances were removed by precipitation (1, 18) . Ten oligomers were separated by HPLC on a silica gel column with a gradient of CHC1 3 -EtOH and identified as the peracetates of bifuhalol and trifuhalol A to undecafuhalol A, as shown in Figure 13 . More research on this brown alga led to the isolation of 77 phlorotannins from the ethyl acetate fraction of the ethanolic extract (34) . Structural elucidation led to the identification of 20 fuhalols and dehydroxyfuhalols (30) with very varied substitution patterns ( Figure 13) (30, 34, 74) .
The frozen thalli of Sargassum spinuligerum (20 kg) and C. maschalocarpum (20 kg) were extracted within two portions, each with 20 L of EtOH (96%). After concentration, the aqueous solution was extracted with petrol, CHC1 3 and EtOAc, respectively, by using a 41 separating funnel. The EtOAc layer was dried over Na 2 SO 4 and evaporated under reduced pressure. The extracts were subsequently acetylated with Ac 2 O/pyridine. The crude acetylated phlorotannins dissolved in Me 2 CO (Solution A) were treated with a mixture of Et 2 O and petrol (1:1, Solution B). The higher polymeric phlorotannins consisting of more than 30 phloroglucinol units were removed almost completely by precipitation using a mixture of ether and petrol. This process was repeated several times with the newly formed precipitated, but with stepwise reduced volume of solution B (up to ratio 1:1, Solution A -Solution B). The combined filtrates were evaporated under reduced pressure. To remove a small amount of the remaining polymeric phlorotannins, the combined filtrates were treated again in an analogous way to that described previously. The resulting solution contained low relative molecular mass (MR) oligomers (33, 34) .
From the brown alga Cystophora torulosa, common to Australia and New Zealand, 33 phlorotannins were isolated (59) . These phenols were extracted with ethanol from shredded, deep-frozen algae and pre-purified as described previously. They were acetylated and purified to apparent homogeneity by HPLC on silica gel, using chloroform-ethanol mixtures as mobile phases. Critical separations were performed by the additional presence of n-hexane or acetonitrile (59) .
Sargassum siliquastrum, collected from Tung Ping Chau Island, Hong Kong, was rinsed with fresh water, frozen and lyophilized. The dry seaweed sample (10 g) was ground into small pieces and extracted with methanol (150 mL) in a Soxhlet extractor for 6 h. The extraction was repeated twice. The combined methanolic extracts were evaporated under reduced pressure to a dark green semisolid and dissolved in distilled water. The aqueous suspension was partitioned sequentially in dichloromethane, ethyl acetate and n-butanol. The four resulting dried fractions produced dichloromethane [6.42% dry weight (DW) of seaweed], ethyl acetate (0.35% DW of seaweed), butanol (0.87% DW of seaweed) and water (2.41% DW of seaweed). They were kept in the dark and stored at 4 8C under nitrogen (66) . Frozen thalli of Carpophyllum angustifolium (20 kg) were extracted with two portions of 20 L of EtOH (96%) each. After concentration to 3 L, the aquous solution was extracted with petrol, CHCl 3 and EtOAc. The EtOAc layer was dried over Na 2 SO 4 and evaporated under reduced pressure to yield 68.13 g. The extract was subsequently acetylated with Ac 2 O-pyridine. The crude acetylated phlorotannins (88.46 g) were dissolved in CHCl 3 and treated with a mixture of Et 2 O and petrol (1:1) to remove small amounts of polymeric phlorotannins by precipitation and filtration (32, 75) .
Frozen and shredded alga Cystophora retroflexa (19 kg) was extracted with 10 L of EtOH in the presence of 50 g of K 2 S 2 O 5 under N 2 for 1 h. The extract was concentrated in vacuo, the 5 L residue was divided into two portions and each aliquot was extracted with petrol (4 Â 1 L), CHCl 3 (4 Â 1 L) and EtOAc (4 Â 1 L). The EtOAc fraction was dried in vacuo and immediately acetylated with 150 mL of Ac 2 O-pyridine (2:1 v/v). The yield was 27.5 g and contained several chlorinated and/or brominated phlorotannins and one iodinated substance, 2-iodophloroglucinol triacetate, along with trihydroxyheptaphlorethol-A octadecaacetate, trihydroxyoctaphlorethol-A eicosaacetate, trihydroxyoctaphlorethol-B eicosaacetate and heptafuhalol-A octadecaacetate (25) .
The brown alga E. kurome Okamura was collected from an undersea forest of algae near Tsuji Island (Kumamoto, Japan), washed with tap water to remove sediment and epiphytes and air-dried and pulverized. The algal powder (800 g, moisture 10%) was extracted with methanol (2.4 L) with shaking (90 rpm) at 5 8C for 48 h. The extracts were concentrated in vacuo to a small volume before methanol (240 mL), added to deionized water (180 mL) and liquid -liquid fractionated with chloroform (480 mL) and twice with ethyl acetate (300 mL), which produced crude phlorotannins 3% (47) .
High molecular weight phlorotannins from Sargassum kjellmanianum (10 kg) (76) and S. thunbergii (10 kg) (77) , frozen by immersion in liquid nitrogen, were extracted in 20 L of 85% ethanol, shaken slowly on a reciprocating shaker overnight at 4 8C in the dark and filtered to obtain a deep brown liquid. After the ethanol evaporated under reduced pressure, the concentrate was washed three times with chloroform and three times with petroleum ether. The aqueous layer was dialyzed overnight against distilled water with three changes of distilled water at 4 8C in the dark.
Dried E. cava powder (500 g) was extracted three times with 80% methanol and filtered. The filtrate was evaporated at 40 8C to obtain the methanol extract, which was dissolved in water and partitioned with ethyl acetate. The ethyl acetate fraction (45.65 g) was mixed with Celite. The mixed Celite was dried, packed into a glass column and eluted in the order of hexane, methylene chloride, diethyl ether and methanol. The diethyl ether fraction (26.69 g) was subjected to chromatography on a Sephadex LH-20 column using a stepwise gradient chloroformmethanol (2:1 to 1:1 to 0:1) solvent system, and finally purified by reversed-phase HPLC to produce the compound dieckol (275.8 mg) (61, 76, 78) . Ishige okamurae (500 g), extracted with methanol at room temperature, produced 96 g of extract, which was suspended in water and successively partitioned with hexane, dichloromethane, EtOAc and n-BuOH. The EtOAc soluble part (22 g) was subjected to column chromatography on silica gel and successively eluted with hexane, mixtures of hexane and ethyl acetate 
Preparative Chromatography of Phlorotannins
Purification of phlorotannins has been achieved by preparative thin-layer chromatography (Prep-TLC), low-pressure liquid chromatography (LPLC) or HPLC. Prep-TLC and LPLC have been monitored by TLC detected with UV light (254 and 365 nm), with some reagents sprayed to produce colored spots; whereas HPLC has been followed by single wavelength UV detection, photodiode array detection (PDA), MS ( positive and negative ESI modes). The following subsections provide some details on these preparative systems.
Preparative TLC of phlorotannins TLC plates have been used for the preparation of phlorotannins and for monitoring separation processes. The following provides some examples of preparative TLC purifications.
The peracetylated product from Bifurcaria bifurcata Ross was separated on preparative SiGel PF254 thin layer chromatography (40 Â 20 cm Â 2 mm), eluting with CHCl 3 -acetone (9:1).
The bifuhalol hexaacetate (Figure 1 ) was hydrolyzed with 20% NaOH, acidified with 20% HCl and separated on a cellulose TLC plate with elution by water-formic acid (49:1) and detection with Fast Blue B Salt (0.5%) and vanillin -sulfuric acid to produce red spots. This material produced an astringent character similar to tannins, alkaloids and protein precipitation, and was considered to be a possible low molecular precursor of the phaeophyta tannins (1). Another eluting system, SiGel F254, CHCl 3 -Me 2 CO, 22:3, has been also used (81) . Each zone was detected under UV light and removed. The substances were subsequently eluted with Me 2 CO and CHCl 3 -MeOH (9: 1). The same system was used several times to isolate difucol, trifucol and tetrafucol A and B peracetates from Fucus vesiculosus by scrapping UV light spots from SiGel plates that also displayed an intense red color on a reference plate after spraying with vanillin/H 2 SO 4 . The collected silica gel portions were eluted with CH 3 Cl -Me 2 CO, the solutions were evaporated to dryness and the products were recrystallized from MeOH or propanol (18) . Peracetylated diphloethol and bifuhalol were also purified in this way from Cystoseira tamariscifolia (26) . The residue from an acetylated phenolic fraction of L. ocharleuca (approximately 315 mg) was dissolved in 2 mL of Me 2 CO, separated on four thick-layer SiGel PF254 plates (Merck) (40 Â 20 cm, thickness of 0.9 mm) and eluted with CH 3 Cl -Me 2 CO (94:6) to produce diphlorethol and triphlorethol C peracetates (69), chlordiphlorethol and chlortriphlorethol C peracetates (23) .
Additional studies on L. ochroleuca allowed the isolation of tetraphlorethol-A nonaacetate, fucophlorethol-B octaacetate, fucodiphlorethol-C decaacetate, pentafuhalol tridecaacetate and heptafuhalol octadecaacetate by using TLC on a SiGel 60 F254, 0.25 mm and eluteion with various mobile phases, including CHCl 3 -Me 2 CO (47:3) and CCl 4 -CHCl 3 (4:1), and repeated gradient elution on HPLC (Supplementary Table I) . A structure for an isomer of tetraphlorethol-A nonaacetate named tetraphlorethol-B nonaacetate ( Figure 5 ) was suggested. Additional phlorotannins were present, but only partial structures could be proven (22) . Difucol and diphloethol from Dictyota dichotoma were purified by preparative TLC SiGel F254 (Merck; 0.25 mm) developed with CHCl 3 -Me 2 CO (47:3) (82).
The Prep-TLC was described of a mixture (5 g) of acetylated phenols obtained from Halidrys siliquosa (L.) Lyngbye. Prep-TLC was conducted a on SiGel HF254 column (Merck; 40 Â 20 cm, 2 mm); the elution was conducted with dichloromethane-methylethylketone (85:15), which produced peracetylated heptafuhalol and other constituents, probably lower members of a homologous series with 6, 5 and 4 phloroglucinol nuclei. The free phenols had the properties of tannins and were denoted as phlorotannins (29) .
The fractionation of phlorotannins from Sargassum siliquastrum illustrated the monitoring use of TLC on silica gel plate (5 Â 20 cm, Kieselgel 60F, 0.25 mm; Merck) with a solvent system of chloroform-ethanol-acetic acid-water (98:10:2:2, v/v). The spots were visualized by spraying the plates with two spraying solutions. Spray 1 was a 1% solution of potassium ferricyanide in water and a 1% solution of ferric chloride in water. Blue colored spots produced indicate that the fractions were phenolic compounds. Spray 2 was an ammoniacal silver nitrate solution. Thirty milliliters of ammonium hydroxide were mixed with 70 mL of water. Silver nitrate solution (3.4 g/100 mL of water) was added to the solution. The sprayed plate was heated for 10 min at 1058C. The brown, black and gray spots that were produced indicated that they are reducing compounds (66) . The vanillin-HCl reagent preparation was as follows: 10% vanillin dissolved in a freshly mixed 2:1 solution of 95% EtOH plus concentrated hydrochloric acid (75) .
Low-pressure liquid chromatography
The following examples are some uses of column chromatography at atmospheric pressure, here denoted as LPLC. The primary stationary phase has been silica gel.
An acetylated fraction of ethanolic 70% extract of Sargassum muticum (Yendo) Fensholt allowed the isolation of diphlorethol, bifuhalol, trifuhalol A and trifuhalol B (Figure 6 ) as peracetates, which were separated with preparative SiGel 60 column chromatography (80 mm length Â 20 mm i.d.), eluting with CH 2 Cl 2 -acetone (19:1); final purification was conducted by HPLC on Partisil 10 (Supplementary Table I ) (27) . More recently, the ethanolic extract was successively partitioned with hexane, EtOAc and n-BuOH. A portion of the EtOAc fraction was separated on a Sephadex LH-20 with a methanol gradient from 50 -75% followed by methanol-acetone gradient, and the other by centrifugal ultrafiltration to produce groups of several molecular sizes (7) .
A solution containing low MR oligomers of Sargassum spinuligerum and C. maschalocarpum ( portions of 500 mg) were separated by flash chromatography by using a silica gel column (500 Â 15 mm i.d.) with a gradient of CHCl 3 -n-hexane (1:1), CHCl 3 -n-hexane (2:1), CHC1 3 -n-hexane (4:1), CHCl 3 -Me 2 CO (49:1), CHCl 3 -Me 2 CO (4:1) and MeOH. This separation was monitored by a UV detector (Serva Chromatocord) and TLC (silica gel F254, CHCl 3 -Me 2 CO, 9:1). Twelve fractions were obtained. The last five fractions contained partially desacetylated substances. These were acetylated once again (33, 34) .
Revisiting the brown algae B. bifurcata, freeze-dried material (4 kg) was extracted, acetylated, enriched and separated by column chromatography on a SiGel with CHCl 3 in three fractions (81) . The phenol acetate mixture from the third fraction was separated by Prep-TLC, as described previously. Four compounds were further separated by HPLC on a Lichrosorb Si 60 column (Supplementary Table I ). The substances were purified by precipitation of an Me 2 CO solution by petrol (81) .
The peracetylated phlorotannins from Ecklonia maxima were separated by repeated low-pressure column chromatography of 120 mg each on a glass column (8 Â 500 mm) packed with SiGel 60 (Merck), 0.04-0.063 mm/230-400 mesh (ASTM) and eluting with a gradient of CHC1 3 , CHCl 3 -EtOAc and CHC1 3 -EtOH with a flow rate of 10 mL/min. The seven collected fractions were subsequently separated into their individual components by HPLC, as described in Supplementary Table I ( Figure 12 ) (24) .
The dichloromethane fraction of Sargassum siliquastrum (100 mg/mL) was applied to a column (1.7 Â 20 cm) packed with SiGel 60 (70 -230 mesh; Merck). Elution was successively performed with chloroform -methanol in the following ratios: 99:1, 95:5, 90:10, 80:20 and 50:50. The eluates were combined according to TLC analytical results to produce four subfractions, F1-F4, which were dried under a stream of nitrogen gas and submitted to hemolysis assay for antioxidant activity with 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH, a peroxyl radical initiator), lipid peroxidation assay, superoxide anion scavenging activity and determination of total phenolics by the Folin-Ciocalteau method. Fractions 1 and 2 exhibited the better antioxidant activities, but without correlation with total phenolics (66) .
A solution containing low MR oligomers from Carpophyllum angustifolium, in portions of 500 mg (total of 9.4 g) were separated by flash chromatography using a silica gel column (20 Â 430 mm) with a stepwise gradient: CHCl 3 -n-hexane (1:1), CHCl 3 , CHCl 3 -MeOH (99:1), CHCl 3 -MeOH (91:9) and CHCl 3 -MeOH (80:20) . This separation was monitored by a UV detector (Serva Chromatocord) and TLC (silica gel F254, CHCl 3 -MeOH, 9:1). Higher oligomers were separated on a Lichrospher Si 60 (5 mm, 250 Â 8 mm) (32, 75) .
Oligomeric phlorotannins from Scytothamnus australis were fractionated in 500 mg portions by flash chromatography using a silica gel column (20 Â 430 mm) with a step gradient of n-hexane-CHCl 0 -bieckol (5 mg) (53) , and in a similar way, diphlorethohydroxycarmalol was obtained (79, 80) .
High-performance liquid chromatography
In general, the final purification of phlorotannins has mostly been performed by HPLC in normal phase on silica gel columns, and some have been performed on reverse phase C-18 columns. Some examples are described in the following paragraphs and summarized in Supplementary Table I. Four phlorotannins from the brown alga B. bifurcata were separated by HPLC on a Lichrosorb Si 60 column (250 Â 10 mm i.d., 5 mm) in a gradient elution program of CHCl 3 -EtOH with detection at 270 nm. The substances were purified by precipitation of an Me 2 CO solution by petrol (81) .
Portions of halogenated phlorotannins from Cystophora retroflexa (5 g) of this material were fractionated by HPLC using a semi-preparative silica gel Lichrosorb Si 60 column (150 Â 16 mm i.d., 5 mm). After this, each fraction was purified in several HPLC steps by using an analytical Lichrosorb Si 60 column (250 Â 8 mm i.d., 5 mm) (25, 83) .
Analytical HPLC of Phlorotannins
From 1974 to 2002, the preparation of phlorotannins was dominated by acetylation, followed by column chromatography on silica gel, and by purification with normal-phase HPLC. This is partly to protect from oxidation during the process. The previous section described examples of extraction, separation and purification by column chromatography and HPLC, and this Preparation and Chromatographic Analysis of Phlorotannins 835 section includes some examples of purification from 2002 until now, with a summary of semipreparative, preparative and analytical systems used for phlorotannin purification sorted by species of brown algae (Supplementary Table I) .
Diphlorethol pentaacetate, bifuhalol hexaacetate, trifuhalol A octaacetate and trifuhalol B octaacetate were purified by normalphase HPLC on a Partistil 10 column (250 Â 9 mm i.d.) with a mobile phase of CHCl 3 -EtOH (gradient program: 0.8 -3.5% of EtOH during 25 min) and detection at 275 nm (27) .
Phlorotannins from Himanthalia elongata were separated by HPLC in gradient elution systems with various CHCl 3 -EtOH mixtures (5 -15% EtOH) and with different SiGel HPLC columns, including a LiChrosorb Si 60 (250 Â 16 mm i.d., 7 mm; 250 Â 7.5 mm i.d., 5 mm) and a Partisil (250 Â 9 mm i.d., 10 mm; 500 Â 6 mm i.d.). Detection was conducted by UV absorption at 270 nm (71) .
Phlorotannins from Chorda filum were prepared by enrichment of the oligomeric phlorotannins in three steps: separation of the higher MW portion by fractional precipitation with Et 2 Opetrol (1:1), LPLC in a glass column (280 Â 15 mm, packed with silica gel 60), 40 -63 mm/230-400 mesh ASTM, mobile phase of CHCl 3 -CHCl 3 -Me 2 CO (9:l) -CHCl 3 -Me 2 CO (7.5:2.5), flow rate of 10.6 mL/min, gradient elution. HPLC pre-separation was conducted in gradient mode on a LiChrosorb Si 60 (250 Â 9.6 mm i.d., 10 mm), with a CHCl 3 -EtOH gradient (up to 10% EtOH), detection at 270 nm and a flow rate of 8 mL/min (31) .
All 12 fractions containing peracetylated oligomers of Sargassum spinuligerum and C. maschalocarpum were further separated by HPLC on a LiChrosorb Si-60 (250 Â 16 mm i.d., 7 mm; or 5 mm, 250 Â 8 mm) with a CHC1 3 -EtOH gradient and detected at UV of 275 nm (30, 33, 34, 52, 58) .
The first quantitative HPLC and LC-MS report including a validation method was developed for the simultaneous determination of the major bioactive phlorotannins, eckol, dieckol and phlorofucofuroeckol-A, in E. stolonifera; limit of detection (LOD) values for this method were 0.30, 0.12 and 0.06 mg/mL, respectively (51). The HPLC conditions are summarized in Supplementary Table I. The diethyl ether fraction of E. cava (26.69 g), separated with Sephadex LH-20 column chromatography, was finally purified by reversed-phase HPLC (Supplementary Table I ) to produce dieckol (275.8 mg) (61, 76) .
Conclusion
The research on phlorotannins is still in exponential growth phase under the general domain of professor Glombitza at the Institute for Pharmaceutical Biology, University of Bonn, from 1974 to 2010. Owing to its ease of oxidation, phlorotannins have been extracted under nitrogen or by adding K 2 S 2 O 5 or ascorbic acid to mixtures of ethanol or methanol in water or acetonewater. Common denominators include liquid -liquid separation with ethyl acetate followed by acetylation with acetic anhydride and pyridine to protect the phenolic hydroxyl oxidation, prior to isolation by TLC or semi-preparative or preparative column chromatography on silica gel. These separations are usually monitored by TLC on silica gel 60 F254 and eluted with mixtures of chloroform-ethanol or chloroform-acetone and developed with sulfuric acid (50%), the Folin-Ciocalteu method, diphenylamine-aniline or vanillin -sulfuric acid. HPLC columns have also been used in the final purification on SiGel, with detection at 275-290 nm. In 2002, reversed-phase separation on octadecylsilane (ODS) was introduced (41) . One study has described HILIC on a column composed of ethylene bridged hybrid particles with trifunctional amide ligands (BEH amide) adjusting the mobile phase (AcCN-water) to pH 9.0 and protic MeOH as modifier (84) .
Despite the very big job during these 40 years of research on phlorotannins, it is necessary to develop and validate new quantitative HPLC methods to assure the quality of brown algae-based products and to confirm the structures of the phlorotannins with higher molecular mass. Using a combination of filtration by molecular size with macroporous stationary phases like DIAION HP20, Toyopearl HW-40 and MCI-Gel may be useful to purify higher phlorotannins in the free form for further structural analysis.
Supplementary data
Supplementary data are available at Journal of Chromatographic Science online.
